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introduction
Today, in the context of the financial and energy crisis in the world, more attention is paid to reducing, efficient consumption of traditional fuel and energy resources and reducing harmful emissions into the environment. The most energy-consuming are the technological processes associated with the production, transportation and consumption of thermal energy [1, 2] . According to the State Statistics Committee of Ukraine, communal energy consumes 44 % of energy resources, accounting for about 30 % of the total fuel consumption in the country. The main causes that lead to unjustifiably large heat losses in housing and communal services are the imperfection of existing building structures, as well as the lack of individual metering devices and energy management systems. Much of the heat loss in homes during the heating season is due to the difference in the temperatures of the indoor and outdoor air (transmission heat losses through the outer enclosing structures).
That is why research of modern trends and methods of energy saving in buildings is topical. One of the ways to improve the energy efficiency of housing and utilities and solve the problem of heating the premises is the construction of «Passive houses».
«Passive houses» consist of structures, utilizing the energy of solar radiation as a result of air exchange processes (heating up to the temperature of the indoor air of cold outside air entering through leaks or open windows and doors).
To create a correct mathematical model, it is necessary to investigate experimentally the processes of heat exchange of air in ventilated channels, on the basis of the obtained data, to create the corresponding equations that specified the mathematical model.
the object of research and its technological audit
One of the ways to increase the energy efficiency of the housing and communal enterprise and solve the problem of heating the premises is building «Passive houses» that contain elements of structures that effectively absorb the energy of solar radiation.
The object of research is the «Passive house», which is a building in which thermal comfort (ISO 7730) is achieved solely by additional preheating (or cooling) of the fresh air mass. This is necessary to maintain high quality air in the rooms, without additional recirculation.
The criteria for a Passive house in Europe are: -the specific heat consumption for heating, determined by the calculations in the «Passive House Planning Package» (PHPP) program, should not exceed 15 kWh/(m 2 ·year) or heating load ≤ 10 W·m 2 ;
ISSN 2226-3780 -special requirements for building cooling demand ≤ 15 kW·h/(m 2 ·year); -the annual period of overheating (room temperature above 25 °C) ≤ 10 %; -the result of the leak test (N50) ≤ 0.6 changes in air/h; -the total primary energy consumption for all household needs (heating, hot water and electric energy) should not exceed ≤ 120 kWh/m 2 ·year). The design of houses for such technologies in the EU countries was the most widespread and allowed to provide at the expense of the sun 97 % of the requirements for heating. In the conditions of Ukraine from the use of the technology of passive solar heating of premises it is possible to hope for providing up to 50 % of the requirements for heat.
the aim and objectives of research
The aim of the work is creation of a mathematical model of heat exchange during air movement in ventilated enclosing structures to determine the change in air temperature and to quantify the heat input to the room for the cold season.
To achieve this aim, it is necessary to perform the following tasks:
1. To determine the main element of open ventilated channels.
2. To establish the main causes that lead to unjustifiably large heat losses in the housing and communal sector.
3. To investigate the features of heat exchange processes in building structures with ventilated channels.
research of existing solutions of the problem
The main conditions for the implementation of effective passive solar technology are [2] [3] [4] [5] :
-high level of thermal insulation of premises; -heat utilization of the ventilation air; -orientation of buildings in such way that in the summer to ensure the absence of overheating, and in winter, on the contrary, as much as possible to let the sun in the room. In construction, the enclosing structures (ES) with open and closed layers of air are widely used. Recently, open (ventilated) structures are especially interesting for architects.
Problems of municipal heat and power engineering of Ukraine and ways of its modernization were dealt with by the authors of [1, 2] .
Work on creating an experimental energy-efficient house of passive type «zero energy» belongs to the author [3] .
The features of heat transfer through a multilayer structure, in the non-stationary regime, are considered in [4] .
Ways of energy efficiency in the passive house and ventilated wall panels are dealt with by the authors of [5, 6] .
The improvement of the passive solar house with the Trombe wall is done by scientists [7] [8] [9] .
In general, in Ukraine scientists carried out significant analytical work in the field of development and introduction of innovative energy products in the country [1] [2] [3] [4] [5] . The experience of developed countries [8] [9] [10] [11] [12] can serve as a basis for Ukraine, if there is a basis for putting domestic energy potential.
Methods of research
Open enveloping structures are widely used in the construction of walls, ventilated facades, horizontal partitions (attics, floors). ES is also effective in structural building elements for passive solar heating (Trombe wall). An example of such application is the through-pass ES element, which serves as a channel for supplying air to the room, and the outside air is heated while moving along the interlayer and is fed into the room. In the walls, it is possible to use ES for the purpose of single, double or multiple air movement [6] .
The main element of the ES is the outer wall of the house, in which the air layer is between the insulation layer and the facade slabs. The movement of outdoor air in the ES along the wall of the house leads to heat loss, but air in the ventilated layer will prevent the formation and accumulation of condensate. This will allow in winter to maintain the thermal properties of the outer layer of insulation at home, reduce the cost of heat for heating and prevent the formation and development of fungal mold. During the summer period, the room will be warmed up less, due to the cooling of the wall with air intake.
Passive heating of the house is carried out by solar radiation -a regenerative energy source. One of the most famous structural elements of the passive solar heating system is the Trombe wall ( Fig. 1 ) [7] . The massive wall 1 of the dark surface 2 is separated from the atmospheric air by a glass overlap. In the interval between the glass ceiling and the wall, air moves. If the Trombe wall has holes in the upper and lower parts of the structure, then in the case where they are closed, convection is absent:
where t 0 -the temperature of the air entering the channel; t t I E , -air temperature (internal and external); k k I E , -the heat transfer coefficients, respectively, from the internal air to the air in the ES and from the air in the ES to the outside air; W -air consumption; х -the coordinate.
Similar studies are performed in [13] :
where t C -constant temperature, which is reached at a certain distance, depending on the conditions of heat exchange in the structure (with constant heat exchange):
The main task of the research is determination of the distance at which the air temperature in the channel should have a constant value.
After separating the variables and integrating the difference equation (3) in the given interval, let's obtain:
As a result of mathematical transformations, equation (5) takes the form of equation (1):
In [14] [15] [16] there are some inaccuracies in the formulation of the values of thermal resistances. In the enclosing structures, supports are defined as the thermal resistances of parts of structures from the inner surface to the air layer, and from the air layer to the outer surface of the enclosure: (6) where t y -the air temperature in the ventilated channel (same as t x ); τ 0 -the air temperature at the entrance to the channel (same as t 0 ); h y -the distance from the air inlet to the channel (same as х); C C -the conversion coefficient, in [16] there is no description of the physical meaning and value of this coefficient.
Analyzing equation (1), it is possible to draw the following conclusions:
-one of the main disadvantages of this equation is that the heat exchange processes are represented as one common physical process;
-in the case of convective heat transfer, the heat flow is proportional to the difference in temperature in the first stage, but in the case of heat exchange by radiation, to the fourth power, according to the Stefan-Boltzmann law; -when combined heat transfer by convection and radiation is difficult to determine the quantitative contribution of each component in the overall process of heat exchange. Therefore, it is very difficult to answer the question what would be more effective: increasing the heat return through the elevation plate or intensifying the air heating process and ES (this can't be confirmed by calculation); -equation (1) does not determine how the choice of the structural solution or the material from which the ES elements consist of affects the heat flow, in addition, it is impossible to determine the heat transfer coefficient; -equation (1) does not correctly reflect the physical meaning of heat exchange processes. The thermal ba lance of the air layer is represented by the equation (2), meaning that the flow of heat from the air into the room is completely transmitted to the air in the channel. In fact, the physical process looks different: heat passes from the air into the room, while heating the internal surface of the channel, which in turn heats the movable air in the channel, as well as the outer surface of the channel.
research results
In the cold period of the year, the heat flow Q i is directed from the room to the outside. The heat flow heats the ES inner surface p 1 . The heated inner surface, as a result of convective heat transfer, gives off heat to the air that moves along it, and also radiates heat to the surface p 2 ( ).
Since the outer air moves at the ES, which has a lower temperature than the surface temperatures, it will heat up both inside and outside and at the outer surface. Thus, the thermal radiation coming to the outer surface is partly used for heating the air in the channel, and partly goes to the external environment Q e . The physical model of the heat transfer process for a horizontal structure is similar. In the formulation of a mathematical model using the equation of heat balance air (6) , and assume that the temperature of the surface p 1 and p 2 depends on the variable x. The processes are considered in the model, let's consider stationary.
The heat balance equation for each surface is based on the physical model (Fig. 2, 3) .
Since the heat flow by convection is expended on heating the air, let's write the equation of the air balance:
-moves near the surface p 1 :
hc T x Ta x dx cG dTa
-moves near the surface p 2 :
where dTa 1 , dTa 2 -the change in air temperature at an elementary distance dx, respectively, at the surface p 1 and p 2 ; G 1 , G 2 -air flow near each surface; с -air heat capacity; -the equation of the thermal balance of the surface p 1 : : Heat flow Q i to the inner surface:
Heat flow Q e from surface p 2 to outside air:
In equations (11), (12) k 1 , k 2 -the heat transfer coefficients from the internal air to the surface p 1 and from the surface p 2 to the outer surface: 
where α i , α e -heat transfer coefficients; 
The coefficient j 1 2 1 − = [13, 15] , that is, the heat flow from radiation from a heated surface to a less heated surface, is transmitted only to opposite surfaces.
Taking into account equations (8) and (9), and also (6), (7) 
The third equation, supplementing the equations of thermal balances, is the equation of air movement in the ES channel, which is the balance of total pressure losses and total pressure.
In the case of a vertical enclosing structure, the total pressure is equal to the sum of gravity pressure and wind pressure: 
where ∑ ζ -the sum of local resistances; λ f -coefficient of resistance ( ( )); λ f f Re = h -the thickness of the air layer; H -the distance between the holes for the air inlet and outlet; D h -the average width of the air layer; v w -wind velocity; ρ m -average air density in the ES; ρ e -density of outside air; g -acceleration; n n 1 2 ,
-aerodynamic coefficients at the inlet and outlet of the channel; v m -average air velocity.
If the air inlet and outlet for air are different in size from the intersection of the air channel, then the local pressure loss in the holes must be attributed to the velocity in the hole v 0 . In this case, it is necessary to add Технологічний аудиТ Та резерви виробницТва -№ 2/1(40), 2018 
The model has four unknown functions T x
In addition, the unknown parameter is the air velocity in the channel. Thus, the number of equations is equal to the number of unknowns. To simplify the solution of the model equations, let's accept the following assumptions:
-the surface temperature does not depend on the variable x; -heat transfer coefficients do not change along the length of the air channel. In the formulation of the mathematical model, let's also assume that the airflow G in the roof space is conditionally divided into two flows:
-the first moves near the inner surface G 1 ; -the second air flow moves near the outer surface 
On the basis of the analysis of design methods for the ES design, it can be stated that the classical method for estimating heat exchange processes is based on the equations for the heat balance of air for an infinitesimal volume dx (1). When equation (1) is used, it is impossible to take into account the distribution of radiant and convective heat flows, and also to estimate the effect of energy losses.
It can also be argued that the heat exchange process, given the shortcomings of existing methods of calculation, is better represented as a system of equations (18), (19).
swot analysis of research results
Strengths. The proposed mathematical model of the process of heat exchange in the ES for the cold period will eliminate the inaccuracy in the calculation of heat exchange processes, as well as create appropriate methods for designing energy-efficient enclosing structures.
Weaknesses. When equation (1) is used, it is impossible to take into account the distribution of radiant and convective heat flows, and also to estimate the effect of energy losses.
Opportunities. The study can be used to develop incentives to reduce heat losses through: -walls; -reduction of the difference in temperatures of the internal and external air; -allowance for the distribution of radiant and convective heat flows. In the future, it is planned to conduct experimental studies of heat exchange processes in air in ventilated channels and, on the basis of the obtained data, to create the corresponding equations that specified the proposed mathematical model.
Threats. Much of the heat loss in homes during the heating season is due to the difference in the temperatures of the indoor and outdoor air (transmission heat losses through the outer enclosing structures).
Conclusions
1. It is determined that the main element of open ventilated channels is the outer wall of the house, in which the air layer is between the insulation layer and the facade slabs. The movement of outdoor air in the ES along the wall of the house leads to heat loss, but air in the ventilated layer will prevent the formation and accumulation of condensate. This will allow in winter to maintain the thermal properties of the outer layer of insulation at home, reduce the cost of heat for heating and prevent the formation and development of fungal mold. During the summer period, the room will be warmed up less, due to the cooling of the wall with air intake.
2. In the conducted research it is possible to establish the main causes that lead to unjustifiably large heat losses in the housing and communal sector, which include:
-imperfection of existing building structures; -the lack of individual meters and systems for regulating energy consumption. 3. The peculiarities of heat exchange processes in building structures with ventilated channels are studied. On the basis of the analysis of design methods for the ES design, it can be stated that the classical method for estimating heat exchange processes is based on the equations ISSN 2226-3780 for the heat balance of air for an infinitesimal volume (1). When equation (1) is used, it is impossible to take into account the distribution of radiant and convective heat flows, and also to estimate the effect of energy losses. It can also be argued that the heat exchange process, given the shortcomings of existing methods of calculation, is better represented as a system of equations (18), (19).
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